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Asymmetric transmission using reciprocal electromagnetic devices has recently become a thriving research topic due to potential applications in integrated photonic systems for communications and information processing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , such as directionally-sensitive beam splitting [2, 3] , multiplexing [4] , and optical interconnection [7, 8] . This Lorentz-reciprocal effect is characterized by the high contrast between forward and reverse transmission under illumination from anti-parallel directions. Though reciprocal asymmetric transmission devices cannot be used for functions attainable only with non-reciprocal active devices, such as optical isolation [13] [14] [15] [16] , they have unique advantages such as small footprint, broad operation bandwidth and passive scheme. Asymmetric transmission can be achieved through the use of artificial structures such as nonsymmetric gratings [2] [3] [4] [5] [6] [11] [12] , photonic crystals [7, 8] and split-ring resonators [1, [9] [10] which break spatial inversion symmetry.
Nevertheless, fabrication and alignment challenges associated with the intrinsic complexity of such approaches have not so far enabled structures with an efficient asymmetric transmission response at visible frequencies.
Hyperbolic metamaterials -metallo-dielectric structures engineered on a deep-subwavelength scale to effectively act like a homogeneous electromagnetic medium with a highly anisotropic, hyperbolic spatial frequency response -have become a topic of significant research interest in recent years [17] [18] . These materials offer an efficient way to manipulate the propagation of light to yield a number of novel and exotic phenomena, such as negative refraction [19] [20] [21] [22] [23] , super-resolution imaging [24] [25] [26] , enhanced optical absorption [27] [28] and spontaneous emission [29] [30] . In this letter, we leverage a visible-frequency hyperbolic metamaterial to implement a planar device of wavelength-scale thickness able to enforce highly asymmetric, broadband transmission of transverse-magnetic (TM) polarized visible-frequency light under illumination at normal incidence. 3 The proposed device consists of a sub-micrometer-thick slab of hyperbolic metamaterial decorated on each side ("A" and "B", respectively, Fig. 1a ) with parallel metal diffraction gratings ("grating A" and "grating B", respectively), each having a different subwavelength pitch. The spatial frequency response of both metamaterial and gratings are designed such that light is transmitted from free-space on side A into free-space on side B, when the device is illuminated at normal incidence on side A, but blocked from transmission into free-space on side A, when the device is illuminated at normal incidence on side B. At a given frequency ( 0 , corresponding to free-space wavelength 0 and wavevector magnitude 0 = 2 / 0 ), transmission through the metamaterial when illuminated on side A is mediated by a pair of oblique, laterally counter-propagating modes, with tangential spatial frequencies ± (oriented parallel to the metamaterial surface and normal to the grating pitch) that are substantially larger in magnitude than 0 . This mode couples from normally incident light on side A to outgoing oblique light on side B through the action of gratings A and B. Conversely, normally-incident light on side B is coupled to a non-propagating, evanescent mode located within the tangential-wavevector bandgap of the hyperbolic metamaterial, which thus acts as a zero-order transmission barrier.
Results

Narrow-band spatial filter based on hyperbolic metamaterial
First, we design and implement a planar hyperbolic metamaterial which blocks transmission of light impinging directly upon its surface at any angle from free-space, but allows internal propagation The process of blocked transmission from side B to side A is shown in Fig. 2b for both devices. In particular, this implies that small angular alignment errors between a given grating orientation and the polarization of light incident on that grating will not significantly affect the forward-to-reverse transmission contrast ratio. This stands in contrast to grating-polarizer-based asymmetric transmission device [6] , for which a high transmission contrast ratio is critically dependent on the polarization angle of the incident light with respect to the grating orientation.
Experimental demonstration of highly asymmetric optical transmission at visible frequencies
The grating-coupled metamaterial designs optimized above for asymmetric operation in air at For A to B transmission, the insertion losses (device intensity transmission coefficients) for device 1 and device 2 at designed operation wavelengths of 0 = 532 nm and 0 = 633 nm are -23 dB and -26.5 dB, respectively. These high insertion losses are assumed to result from both internal absorption in the constituent layers of the metamaterial, as well as sub-optimal in-and out-grating coupling. We expect that the grating coupling efficiencies can be significantly improved by tuning the grating shape to maximize the fundamental grating wavevector with respect to the higher-order grating wavevector components. Absorption losses, on the other hand, may potentially be compensated by imbedding an active gain in within the dielectric layers of the metamaterial [33] [34] [35] .
Although we experimentally demonstrate asymmetric optical transmission for normally incident plane waves, the grating-coupled metamaterial devices are also theoretically able to enforce asymmetric transmission over a wide range of incident angles about the normal, due to the finite lateral spatial-frequency transmission bandwidth of the hyperbolic metamaterial, of width ≈ 0 .
Given an incident angle , asymmetric optical transmission from side A to side B simultaneously requires the respective in-and out-coupling conditions given by L < | A + 0 sin | < U , | B + 0 sin | < L and |2 B + 0 sin | > U . Solution of this system yield angular ranges of incidence satisfying asymmetric transmission of ±15° and ±19° relative to the normal, for device 1 and 2, respectively.
In conclusion, we have designed and experimentally demonstrated a passive, time-independent metamaterial-based device able to enforce highly asymmetric transmission of visible light. Broadband asymmetric transmission is realized by combining a hyperbolic metamaterial able to act as a pass-band filter for high spatial frequencies beyond the diffraction limit, with a pair of nonsymmetric, subwavelength-period gratings able to couple in and out of a propagating mode in the material, upon normal incidence illumination of only one of the two gratings. Thanks to its planar architecture and low-footprint, this asymmetric transmission metamaterial device appears promising for use in integrated optical systems operating at visible frequencies.
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Methods
To forward/reverse transmission contrast ratio,  , is higher than 10dB.
